In the outer layers of the dorsal cochlear nucleus, a cerebellum-like structure in the 29 auditory brainstem, multimodal sensory inputs drive parallel fibers to excite both principal 30 
the nearest event before or after it in cell 2 was determined, and these lag times were 161 binned to generate cross-interval histograms. Because recordings from cell 1 and cell 2 162 contained different numbers of events distributed differently in time, the results of 163 comparing cell 1 versus cell 2 and cell 2 versus cell 1 were not equivalent. Cross-interval 164 analysis therefore requires that the analysis be repeated with the two recordings swapped 165 so as to find the lag from each event in cell 2 to the nearest event in cell 1, generating a 166 second cross-interval histogram for each pair (Perkel et al. 1967 ). Events were defined as 167 synchronous if they occurred within a lag of ± 1 ms of each other. A certain fraction of 168 events were synchronous due to random coincidence rather than a common presynaptic 169
input. This fraction is directly proportional to the mean frequency of events in the other 170 cell of the pair (Perkel et al. 1967 ). Thus, for a cross-interval histogram where event counts 171 have been normalized to the total number of events (i.e. events per bin/total events), the 172 expected level of randomly coincident events is equal to the product of the bin width and 173 the mean frequency of events in the other cell of the pair. For example, if 100 events were 174 detected in cell 2 during a 1-second recording, the mean frequency of events in cell 2 would 175 be 100 Hz, and 1-ms bins in the cross-interval analysis comparing events in cell 1 to cell 2 176 would be expected to have a 0.1% amplitude based on random synchrony. To quantify the 177 percentage of synchronous events, we measured the fraction of events with lags between 178 -1 and +1 ms and corrected this for the fraction of events expected to randomly coincide 179 within a 2 ms time window. This was done for each of the two cross-interval analyses 180 conducted per pair, and the resulting numbers were averaged to obtain a measure of the 181 overall synchrony of events in each pair. Recordings of spontaneous EPSCs and IPSCs used 182 for correlation analysis were at least ten minutes long, in order to ensure that correlations 183 were drawn from a large pool of events. Two stimuli were delivered at 50 Hz every 10 seconds, and the stimulus amplitude 218 was gradually increased until EPSCs were reliably detected in response to the second of the 219 paired stimuli in one or both of the cells being recorded from (Fig. 1A-B) . For a given pair 220 of neurons, the peak amplitudes of EPSCs elicited by the minimal stimulus tended to fall 221 into a narrow range, and further increases in stimulus strength produced jumps in EPSC 222 amplitude ( Fig.1C-D ), suggesting that we were able to detect the activation of individual 223 parallel fibers. Across cells, the peak amplitudes of EPSCs evoked by the minimal stimuli 224 averaged -54 ± 25 pA (range: -26 to -125 pA) in cartwheel cells and -33 ± 11 pA (range: -18 225 to -65 pA) in fusiform cells (mean ± SD). In every pair examined, regardless of the identity 226 of the neurons or their synaptic connectivity with one another, the minimal stimulus 227 reliably evoked EPSCs in one cell but not the other. Larger stimuli, however, evoked EPSCs 228 in the other cell of the pair, indicating that the second cell received input from parallel 229 fibers passing through the stimulus site, just not from the parallel fiber activated by the 230 minimal stimulus. It is therefore unlikely that parallel fibers synapsing onto the first cell of 231 the pair were severed or otherwise topologically constrained before reaching the second 232 cell. 233 EPSC records were quantified by establishing whether the second of each paired 234 stimuli failed or succeeded in evoking an EPSC. Cumulative distributions tracking 235 successful events show clear differences in when EPSCs were first evoked in each cell of a 236 pair ( Fig. 1E-F) . To summarize results across pairs, we identified thresholds for evoking 237
EPSCs by finding the lowest trial number where EPSCs were evoked in three consecutive 238 trials for each cell of each pair. From the region between the EPSC threshold of the first cell 239 and that of the second, the ratio of the number of detected EPSCs in the higher threshold 240 cell, cell 2, versus the lower threshold cell, cell 1, was taken. This ratio provides a measure 241 of how distinct the lowest stimulation threshold inputs to each cell were from one another. 242
Pairs were grouped according to cell identity and cartwheel cell synaptic connectivity, 243 which will be discussed later. For each group of pairs, there was an average of more than 244 ten events in the lower EPSC threshold cell for every event in the higher EPSC threshold 245 cell (Fig. 1G) . These results suggest that individual parallel fibers are unlikely to synapse 246 onto two neighboring cells. potassium channel blocker we used to promote spontaneous firing of parallel fibers. In 261 these recordings we detected rare instances where sEPSCs occurred synchronously (i.e., 262 within 1 ms of one another) in both cells of some pairs ( Fig. 2A -asterisks) , while in other 263 pairs such instances did not occur (Fig. 2B) . 264
Interpretation of these data was complicated by the fact that sEPSCs are elicited by 265 both miniature and action potential-evoked release events. Because they randomly occur 266 at individual boutons, miniature release events decrease the apparent correlation of 267 sEPSCs in paired recordings. We therefore developed an amplitude cutoff criterion to 268 exclude miniature EPSCs (mEPSCs) from the data set. In the presence of 1 µM tetrodotoxin 269 to block action potentials, mEPSCs were recorded from cartwheel and fusiform cells, 270 detected with a template-based event detection algorithm (Clements and Bekkers 1997), 271
and their amplitudes and frequencies characterized. The same analysis was then applied to 272 the sEPSC data set. In both cartwheel and fusiform cells, the sEPSC amplitude distributions 273 skewed toward larger events than the mEPSC distributions ( Fig. 2C-D) . Based on 274 cumulative probability distributions prepared from the amplitude data for each cell in the 275 mEPSC data set, amplitude cutoffs were established as the mean 99%-amplitude plus 2x 276 the standard deviation of the mean. For cartwheel cells, this meant that sEPSCs larger than 277 74 pA were most likely action potential-evoked. For fusiform cells, the mEPSC cutoff was 278 65 pA. Comparison of the overall cumulative probability distributions of mEPSC and sEPSC 279 amplitudes shows that 11% of sEPSCs recorded in cartwheel cells were larger than the 280 cutoff (Fig. 2E) , and 13% were larger than the cutoff in fusiform cells (Fig. 2F) . Finally, the 281 frequency distributions of the mEPSC and sEPSC data sets in cartwheel and fusiform cells 282 demonstrated, as expected, that the frequency of events in the sEPSC data set was higher 283 than that in the mEPSC data set (Fig. 2G-H) . 284
With amplitude cutoffs in place to exclude potential mEPSCs from the data, we 285 returned to comparing the sEPSC recordings from pairs of neurons. To do this, we used 286 cross-interval analysis, a correlation procedure in which the time interval, or lag, from each 287 event recorded from one cell to the nearest event before or after it in the other cell is found 288 (Perkel et al. 1967 ). Together, these intervals make up a cross-interval histogram (see 289
Methods for details). For some pairs, cross-interval histograms revealed a peak near zero 290 lag, indicating that at least one parallel fiber synapsed onto both cells of the pair (Fig. 3A) . 291
In other pairs, no peak was apparent, indicating little or no common parallel fiber input 292 between the two cells (Fig. 3B) . To summarize the EPSC correlation across pairs, we 293 measured the percentage of lag times in each cross-interval analysis that fell within ± 1 ms 294 of zero lag. These results show that synchronous sEPSCs were relatively rare across the 295 cartwheel and fusiform cell pair combinations tested (Fig. 3C ). We were concerned that 296 applying the amplitude cutoff criteria to both cells of each pair might be too stringent, as 297 this requires that spontaneous action potential-evoked EPSCs in both cells be relatively 298 large to be counted in the correlation analysis. Thus, we performed the cross-interval 299 analysis again, this time comparing EPSCs larger than the amplitude cutoff in one cell of a 300 pair with EPSCs of any size in the other cell, then repeated this, swapping the criteria for 301 each cell. Even with this approach, only a few pairs exhibited synchrony levels exceeding 302 20% of sEPSCs (Supplemental Fig. 1) . 303
In pairs where one or both neurons were fusiform cells, another concern was that 304 sEPSCs generated by input to fusiform cells from auditory nerve afferents or T stellate cells 305 could have resulted in a spurious decrease or increase in sEPSC synchrony levels. Little is 306 known about the synaptic connectivity patterns of these inputs to neighboring fusiform 307 cells, and there was no clear way for us to identify the source of a given sEPSC. The results 308 of the cross-interval analysis, however, are consistent with those from the minimal 309 stimulation experiment which selectively targeted parallel fibers. Also, this concern does 310 not apply to cartwheel-cartwheel cell pairs, and there is no data indicating that the 311 distribution of synapses from individual parallel fibers onto pairs of neighboring cartwheel 312 cells differs significantly from the distribution onto cartwheel-fusiform cell pairs of 313 fusiform-fusiform cell pairs. Together, these results suggest that while there is some 314 common parallel fiber input to pairs of neighboring neurons, the majority of inputs to each 315 cell are not shared. no EPSP on the low end and an EPSP large enough to consistently elicit one or more action 361 potentials on the high end ( Fig. 4A-B ). Responses to stimuli across this range were 362 recorded several times, and the probability that stimuli of a given strength would produce 363 one or more action potentials was calculated ( Fig. 4E-F , blue data). The relationship 364 between spike probability and stimulus amplitude was sigmoidal, allowing us to find the 365 stimulus strength that produced an action potential ~50% of the time. Based on instances 366 where stimuli at this 50% level evoked EPSPs but not action potentials, we calculated that 367 an EPSP of 10.9 ± 2.4 mV in cartwheel cells and 10.1 ± 2.8 mV in fusiform cells elicited 368 action potentials with a 50% probability. For each cell, after current-clamp recordings 369 were completed, the stimulus protocol was repeated in voltage-clamp mode to measure the 370 synaptic current evoked at each stimulus strength ( Fig. 4C-D) . The relationship between 371 EPSC amplitudes and stimulus strength was similar to that for spike probabilities (Fig. 4E-372 F, red data). Stimulus amplitudes that evoked action potentials with ~50% probability 373 yielded EPSCs that were 430 ± 180 pA in cartwheel cells (range: 210 to 700 pA) and 540 ± 374 300 pA in fusiform cells (range: 210 to 990 pA). These currents are significantly larger 375 end of the tested range elicited action potentials with a short latency (Fig. 5 A-D) . 391
Cartwheel cells often responded to large stimuli by firing bursts of action potentials with 392 inter-spike intervals consistent with those of complex spikes, while fusiform cells often 393 responded by firing trains of two or more action potentials. Once the response to the full 394 range of stimuli was tested in repeated trials, the cell-attached patch was ruptured and the 395 EPSCs evoked by each stimulus strength were assessed with whole-cell voltage-clamp 396 recordings ( Fig. 5E-F) . This allowed us to correlate the peak changes in firing rate brought 397 about by parallel fiber stimuli with the peak amplitudes of the underlying EPSCs (Fig. 5G-398 H). The relationship between these parameters was sigmoidal, and the half-point of 399 sigmoidal fits to the data provided an estimate of the EPSC amplitude required to bring 400 about a 50% of maximal increase in firing rate. pair, the putative presynaptic cartwheel cell was held in current-clamp, and a complex 420 spike was evoked with a current step; IPSCs triggered in the other cell indicated a synaptic 421 contact between the pair. We routinely tested this protocol in both directions to determine 422 if either cell was presynaptic. From this experiment, we found that in 131 of 329 (39.8%) 423 cartwheel cell pairs, one cell of the pair was synaptically coupled to the other, while 424 another 28 of 329 (8.5%) cartwheel cell pairs were reciprocally coupled (Fig. 6) . Taking  425 the 329 pairs as a sample of 658 potential connections, these data indicate a probability for 426 a cartwheel cell to synapse onto another nearby cartwheel of (131+28x2)/658 or 28.4%. 427
This accurately predicts (0.284^2=0.081) the observed frequency of reciprocal connections 428 (0.085). 429
In cartwheel-fusiform cell pairs, the cartwheel cell synapsed onto the fusiform cell in 430 37 of 107 (34.6%) cases, which can be directly taken as the probability of a cartwheel cell 431 synapsing onto a nearby fusiform cell (Fig. 6) . Cartwheel cells possess local axons, and the 432 mean soma-to-soma distance of the examined pairs of cartwheel cells was 17.3 ± 8.7 µm. 433
For cartwheel-fusiform cell pairs, the mean distance between somata was 17.3 ± 6.9 µm. 434
Cartwheel axons in mouse ramify over an area of roughly 100 µm (K. Bender and L. 435
Trussell, unpublished observations). Thus, it is likely that the synaptic connectivity rates 436 for cartwheel cells and potential postsynaptic partners drops sharply as the distance 437 between cells increases, as was found in one recent study (Mancilla and Manis 2009) . 438
Nevertheless, these data indicate that it is very likely that cartwheel and fusiform cells 439 within a local circuit receive a significant amount of common inhibitory input from other 440 nearby cartwheel cells. The higher probability for cartwheel-fusiform than cartwheel-441 cartwheel synapses (35% vs. 28%) may simply reflect the larger size of fusiform cells 442 (Zhang and Oertel 1993; 1994) . 443
To more broadly investigate the degree of coupling among neighboring neurons, we 444 recorded spontaneous IPSCs (sIPSCs) from cartwheel-cartwheel and cartwheel-fusiform 445 cell pairs while blocking excitatory synaptic transmission. In nearly every pair examined, 446 numerous sIPSCs were detected synchronously in both cells of the pair (Fig. 7A-B) . Often, 447 synchronous sIPSCs occurred in bursts with inter-event timings similar to the inter-spike 448 intervals of complex spikes, suggesting that at least some of these sIPSCs were elicited by 449 cartwheel cells that synapsed onto both cells of the pair. As we did previously for sEPSCs, 450 the timings of sIPSCs recorded from one cell of a pair were compared to those from the 451 other by detecting sIPSCs with a template-matching algorithm and correlating their timings 452 with cross-interval analysis. For the example pairs shown in Fig. 7 , the cross-interval 453 histograms exhibit large peaks near zero lag time, indicating that a significant percentage of 454 sIPSCs occurred synchronously (Fig. 7C-D) . 455
Across the populations of pairs tested, the average percentage of synchronous 456 sIPSCs was 29.8%, with some pairs showing greater than 50% synchronous sIPSCs (Fig.  457   7E ). In 42 of the 44 pairs (95%), at least 1% of the IPSCs were synchronous, and 38 pairs 458 (86%) exhibited a synchrony level exceeding 10%. These numbers indicate that even in 459 the slice preparation, where some synaptic connections are presumably cut, most 460 neighboring neurons share at least one common inhibitory input. Average synchrony 461 levels were not significantly different for pairs of cartwheel cells versus cartwheel-fusiform 462 cell pairs, nor were they affected by whether or not a cartwheel cell synapsed onto the 463 other cell of the pair (one-way ANOVA, p>0.05). Additionally, in two instances we recorded 464 from pairs of neighboring fusiform cells, i.e. fusiform-fusiform cell pairs, and observed 465 synchrony levels similar to those found for the other pair types (data not shown). These 466 results point to the possibility that the proximity of two cells within the local circuit has 467 more influence on the commonality of their inhibitory input than does their identity or 468 synaptic connectivity with one another. Importantly, the average percentages of 469 synchronous sIPSCs are > 10-fold higher than those earlier determined for sEPSCs ( Fig. 3;  470 p<0.05 in t-tests comparing sEPSC to sIPSC data within each pair group). Because of this, 471
we thought it unlikely that the outcome of this experiment was much affected by 472 contamination of the sIPSC data set with miniature IPSCs (which would cell mode, and brief depolarizing currents were injected to alternately elicit a simple spike 489 or a complex spike every 15 seconds. In pairs that were synaptically coupled, both simple 490 and complex spikes caused pauses in fusiform cell spontaneous firing (Fig. 8A-B) . To 491 characterize these pauses, action potentials were identified with a threshold-crossing event 492 detection algorithm. Raster plots of action potentials showed consistent pauses in 493 spontaneous firing following stimulation of the presynaptic cartwheel cell (Fig. 8C-D) , as 494 did histograms in which data from repeated trials were binned (Fig. 8E-F) . For each pair, 495 the synaptic connection between the cartwheel cell and fusiform cell was verified by 496 rupturing the cell-attached patch on the fusiform cell and obtaining whole-cell recordings 497 of the IPSCs elicited by cartwheel cell simple and complex spikes (Fig. 8G-H In five cartwheel-fusiform cell pairs, we were able to maintain fusiform cells stably 506 for > 30 minutes in cell-attached mode, have them survive rupture to whole-cell mode, 507 obtain stable whole-cell recordings for several minutes more, and also confirm that the 508 cells were in fact synaptically coupled, as shown by the presence of an evoked IPSC. The 509 average spontaneous firing rate of the fusiform cells in these pairs was 8.4 ± 4.9 action 510 potentials per second. Using the average firing rate of each pair as a baseline, we sorted 511 action potentials into 20-ms bins, measured the relative change in firing rate brought about 512 by cartwheel cell simple and complex spike-evoked IPSPs, and averaged these changes 513 across the five pairs in the data set ( Fig. 8I-J) . Both simple and complex spike-evoked IPSPs 514 caused a significant reduction in spontaneous firing for 20 ms following the IPSP, with a 515 trend toward decreases in firing rate lasting another 20-40 ms. In addition, the decrease in 516 firing rate during the first 20 ms was significantly greater for inhibition evoked by complex 517 spikes (8.39 ± 5.29% of baseline) than it was for simple spikes (29.58 ± 8.2 % of baseline; 518 pairwise t-test, p = 0.026), suggesting that the burst of IPSPs elicited by a complex spike 519 exerted a stronger inhibitory effect than the single IPSP elicited by a simple spike. The 520 mean latency to the first fusiform cell spike following the onset of inhibition was 112 ± 67 521 ms for simple spike inhibition and 115 ± 55 ms for complex spike inhibition. Interestingly, 522 presynaptic complex spikes also led to a significant increase in postsynaptic firing rate at 523 160-179 ms following the onset of the burst of IPSPs (Fig. 8J) , suggesting that while 524 complex spike-mediated inhibition does not prolong inhibition of spontaneous activity 525 compared to a simple spike, it might enhance synchrony in the timing of the next action 526 potential following inhibition. This effect is presumably due to post-inhibitory rebound 527 currents (e.g., Aizenman and Linden, 1999). Together, these data indicate that inhibition 528 from a single cartwheel cell is sufficient to modify the output of fusiform cells. 529
530

Discussion
532
The distribution and strength of synaptic connections determines how local circuits 533 process information. In the DCN, we found that individual parallel fibers were unlikely to 534 synapse onto neighboring neurons, suggesting that neighboring neurons receive distinct 535 subsets of sensory input. Individual parallel fibers were too weak to alter firing in 536 cartwheel or fusiform cells, indicating that only temporally correlated input from multiple 537 fibers drives significant changes in activity. By contrast, inhibitory interneuron 538 inputs. Our data suggests that neighboring neurons in the DCN molecular layer can receive 648 distinct sets of information, i.e., one neuron is likely to be more strongly driven by a 649 particular sensory stimulus than its neighbors. If that neuron is a cartwheel cell, then an 650 increase in its activity will induce lateral inhibition, diminishing activity in neighboring, 651 postsynaptic neurons. If that neuron is a fusiform cell, then it is more likely to overcome 652 any concurrent inhibition and increase its output to inferior colliculus. Because there are 653 numerous cartwheel cells in the outer layers of DCN (Mugnaini 1985) , their collective 654 receptive fields for parallel fiber input are probably quite large, presumably larger than 655 that of fusiform cells. This suggests that cartwheel cells can act as circuit-level filters, using 656 lateral inhibition to limit the instances when parallel fiber input can effectively excite 657 
